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R481GA-induced plant growth [3]. One
possible reason for this discrepancy
is that these observations were
conducted on cortical microtubules
along the outer epidermal surface,
which have been found to be
highly variable in their organization
even during phases of rapid cell
expansion [14,15]. Cortical microtubule
organization along the inner
tangential cell surface is reported
to be a more faithful indicator of the
cell expansion status [14,15]. The
effect of GA on cortical microtubule
organization must be accompanied
by deposition of new wall material
and modification of linkages
between wall polymers for sustained
growth. Indeed, genome-wide
microarray analysis has found that
DELLAs regulate expression of
genes that encode proteins involved
in cell wall structure and modification
[16]. It will be important to determine
how these changes in gene expression
relate to wall properties and cell
growth.
Plant growth rate is modulated by
multiple signals including the circadian
clock, light and hormones. DELLA
proteins are emerging as key factors
that might serve to integrate multiple
inputs to generate a coherent growth
output [17–20]. In support of this idea,
Locascio et al. provide evidence for
diurnal oscillation in the nuclear
accumulation of DELLA and prefoldin,
concomitant with changes in cortical
microtubule organization according to
the growth status of cells. Together, the
available data place DELLA proteins at
the nexus of signaling, cortical
microtubule organization and cell
growth.References
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E-mail: ramdixit@wustl.eduhttp://dx.doi.org/10.1016/j.cub.2013.04.037Neuropeptide Signaling: From the GutIn the defecation motor program of Caenorhabditis elegans, a pacemaker
rhythm generated by the intestine leads to the activation of motor neurons
controlling enteric muscle contraction. A new study demonstrates that this
signal is conveyed by a neuropeptide that is released from intestinal cells and
acutely depolarizes the motorneurons, acting much like a classical
neurotransmitter.Buyun Zhao and William R. Schafer
Nematode defecation might seem an
obscure (and perhaps undignified)
topic for scientific study. However, over
the years, studies of Caenorhabditiselegans defecation have provided
surprising and novel biological insight
into a variety of processes, ranging
from synaptic transmission [1] to
biological rhythms [2] to aging [3]. The
neural circuit controlling C. elegansdefecation is unusually simple and
well-characterized yet generates a
precisely timed and closely regulated
motor program; hence it has proven to
be a useful model for studying the
neural and molecular control of
behaviour.
At the cellular level, the defecation
motor program is among the best
characterized of all nematode
behaviours [4]. The motor output
involves both the somatic body
muscles, whose rhythmic oscillations
also generate sinusoidal locomotion,
as well as a set of specialized enteric
muscles. The first step of the motor
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Figure 1. The Caenorhabditis elegans defecation motor program.
A pacemaker oscillation generated by the IP3 receptor ITR-1 in intestinal cells triggers a
three-step defecation motor program every 50 seconds. In the first step (pBoc), protons
released by the PB0-4 sodium/proton exchanger activate the PBO-5/6 proton channel and
depolarize posterior body muscles. In the second step (aBoc), anterior body muscles are
depolarized in a step requiring the AVL motorneurons. In the third step (Exp), NLP-40 peptides
are released from gut dense core vesicles and activate the DVB motorneurons through the
AEX-2 metabotropic receptor. The DVBs release GABA, which activates the ligand-gated
cation channel EXP-1 to depolarize enteric muscles.
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R482program (termed the pBoc) involves
simultaneous contraction of the dorsal
and ventral posterior body muscles,
which concentrates the intestinal
contents in the anterior lumen. In the
second step (the aBoc), the anterior
body muscles contract, squeezing the
intestinal material to the posterior while
building up lumenal pressure. Finally, in
the expulsion (Exp) step, the enteric
muscles contract and the pressurizedgut contents are released. C. elegans
are remarkably regular animals, and
defecation events occur with strict
periodicity; in well-fed animals, a
defecation motor program is initiated
every fifty seconds [2,4].
Molecular and genetic studies of
the defecation motor program
have revealed surprising and
unconventional mechanisms for
rhythm generation and cell–cellcommunication. The pacemaker
rhythm itself is generated not by a
neural circuit, but rather by calcium
oscillations in the intestinal cells
themselves (Figure 1). These
oscillations, which are generated by
the IP3 receptor ITR-1, have a period
identical to that of the defecationmotor
program, and the peak of the calcium
transient correlates with the onset
of the pBoc [5]. Remarkably, the
molecules that carry the signal
between the intestine and the posterior
body muscles are protons generated
by a Na+/H+ exchanger in the intestinal
cells; these activate a proton-gated
cation channel in the body muscles
that depolarizes them and induces
contraction [6,7]. The mechanisms for
activating the aBoc and Exp events
are incompletely understood,
but the expulsion step is known
to be dependent on both the AVL
and DVB motorneurons [8], which
depolarise the enteric muscles
through excitatory GABA transmission
involving the novel GABA-gated
cation channel EXP-1 [9].
A missing piece to this puzzle has
been the mechanism by which the
intestinal pacemaker communicates
with the defecation motorneurons to
depolarize them and induce enteric
muscle contraction. The observation
that mutants defective in neuropeptide
processing are defective in both the
aBoc and Exp steps (termed the Aex
phenotype) provided a clue that
neuropeptide signaling might be
involved [1,10,11]. Indeed, a new
paper by Sieburth and colleagues [12]
published in a recent issue of Current
Biology has identified a neuropeptide
released from the intestine that
activates a receptor in the DVB
motorneurons to specifically trigger
the expulsion step via DVB
depolarization.
The authors began with a forward
genetic screen to identify mutants
specifically defective for the Exp step.
They identified a loss of function
mutation in the neuropeptide precursor
gene nlp-40 that caused a nearly
complete and specific Exp defect.
NLP-40 polypeptide fusions were
found to be localized in puncta on
the basolateral surface of intestinal
cells, suggesting the possibility of
dense core vesicle (DCV)-mediated
intestinal release of NLP-40. Indeed
RNAi-mediated knockdown of the
putative DCV calcium sensor snt-2 also
caused a defect in Exp. Moreover,
Dispatch
R483SNT-2 appears to tightly co-localize
with NLP-40 in the intestine, and
mutation of the SNT-2 calcium binding
domains phenocopies both the snt-2
null allele and the RNAi knockdown.
These results imply that NLP-40 is
released from DCVs in response to
calcium peaks from the intestine.
The authors also identified a
putative NLP-40 receptor, the GPCR
homologue AEX-2. The aex-2 mutants,
like the nlp-40mutants, lack the Exp (as
well as the aBoc) step [11]. In addition,
aex-2 reporters are expressed in the
DVB motor neuron, the presumed
target of NLP-40 in vivo. The authors
further demonstrated that synthetic
NLP-40 peptides could activate
heterologously-expressed AEX-2 in
an in vitro assay system. Thus, AEX-2
appears to be an authentic receptor
for NLP-40 peptides.
Finally, the authors addressed
the question of how NLP-40
activates the DVB neurons: does it
potentiate the response to a primary
neurotransmitter, or are NLP-40
peptides themselves primary
neurotransmitters? Consistent with the
latter hypothesis, they observed that
mutants defective in the biosynthesis,
transport or release of each of
the classical neurotransmitters
(acetylcholine, glutamate, and
monoamines) all failed to display
any dysfunction in the Exp step.
Furthermore, microinjection of
synthetic NLP-40 peptides into the
pseudocoelomic space between the
intestine and the body wall muscles
acutely triggered DVB excitation.
Taken together, these results suggest
that NLP-40 peptides indeed act like
classical neurotransmitters to acutely
depolarize the DVB motorneurons.
The role for neuropeptide signaling
in the C. elegans defecation circuit
is perhaps not as unusual as it
might seem at first glance. While
neuropeptides are typically thought of
as cotransmitters that modify the
actions of fast-acting classical
neurotransmitters, their ability to
independently modulate neuronal
excitability has parallels in, for
example, the fly olfactory system [13].
Indeed, neuropeptide-gated cation
channels have been identified in
molluscs and Hydra [14,15], though
homologous molecules have not
been identified in other organisms.
Additionally, the release of
neuromodulatory peptides such as
ghrelin from gut cells is also awell-established phenomenon [16].
Finally, other neuropeptides have been
shown to be important for biological
timing; the role of PDF in modulating
the circadian clock is a notable
example [17].
Nonetheless, the regulated release
of an intestinal peptide to trigger
individually timed neuronal
depolarizations on a time scale of a
few seconds still seems a rather
unexpected way to coordinate a motor
program. Whether such a mechanism
represents a unique solution to the
challenges of a nervous system with an
extremely low cell number, or whether
similar processes occur in bigger
nervous systems, is anyone’s guess.
But clearly there is much to learn
about how neuropeptides can
contribute to the functions of neural
circuits.
References
1. Doi, M., and Iwasaki, K. (2002). Regulation of
retrograde signaling at neuromuscular
junctions by the novel C2 domain protein
AEX-1. Neuron 33, 249–259.
2. Branicky, R., Shibata, Y., Feng, J., and
Hekimi, S. (2001). Phenotypic and suppressor
analysis of defecation in clk-1 mutants reveals
that reaction to changes in temperature is an
active process in Caenorhabditis elegans.
Genetics 159, 997–1006.
3. Feng, J., Bussie`re, F., and Hekimi, S. (2001).
Mitochondrial electron transport is a key
determinant of life span in Caenorhabditis
elegans. Dev. Cell 1, 633–644.
4. Thomas, J.H. (1990). Genetic analysis of
defecation in Caenorhabditis elegans. Genetics
124, 855–872.
5. Dal Santo, P., Logan, M.A., Chisholm, A.D., and
Jorgensen, E.M. (1999). The inositol
trisphosphate receptor regulates a 50-second
behavioral rhythm in C. elegans. Cell 98,
757–767.
6. Beg, A.A., Ernstrom, G.G., Nix, P., Davis, M.W.,
and Jorgensen, E.M. (2008). Protons act as a
transmitter for muscle contraction in
C. elegans. Cell 132, 149–160.
7. Pfeiffer, J., Johnson, D., and Nehrke, K. (2008).
Oscillatory transepithelial H+ flux regulates a
rhythmic behavior in C. elegans. Curr. Biol. 18,
297–302.8. McIntire, S.L., Jorgensen, E., Kaplan, J., and
Horvitz, H.R. (1993). The GABAergic nervous
system of Caenorhabditis elegans. Nature 364,
337–341.
9. Beg, A.A., and Jorgensen, E.M. (2003). EXP-1 is
an excitatory GABA-gated cation channel. Nat.
Neurosci. 6, 1145–1152.
10. Husson, S.J., Clynen, E., Baggerman, G.,
Janssen, T., and Schoofs, L. (2006). Defective
processing of neuropeptide precursors in
Caenorhabditis elegans lacking proprotein
convertase 2 (KPC-2/EGL-3): mutant analysis
by mass spectrometry. J. Neurochem. 98,
1999–2012.
11. Mahoney, T.R., Luo, S., Round, E.K.,
Brauner, M., Gottschalk, A., Thomas, J.H., and
Nonet, M.L. (2008). Intestinal signaling to
GABAergic neurons regulates a rhythmic
behavior in Caenorhabditis elegans. Proc. Natl.
Acad. Sci. USA 105, 16350–16355.
12. Wang, H., Girskis, K., Janssen, T., Chan, J.P.,
Dasgupta, K., Knowles, J.A., Schoofs, L., and
Sieburth, D. (2013). Neuropeptide secreted
from a pacemaker activates neurons to
control a rhythmic behavior. Curr. Biol. 23,
746–754.
13. Ignell, R., Root, C.M., Birse, R.T., Wang, J.W.,
Na¨ssel, D.R., and Winther, A.M.E. (2009).
Presynaptic peptidergic modulation
of olfactory receptor neurons in Drosophila.
Proc. Natl. Acad. Sci. USA 106,
13070–13075.
14. Lingueglia, E., Champigny, G., Lazdunski, M.,
and Barbry, P. (1995). Cloning of the
amiloride-sensitive FMRFamide peptide-gated
sodium channel. Nature 378, 730–733.
15. Golubovic, A., Kuhn, A., Williamson, M.,
Kalbacher, H., Holstein, T.W.,
Grimmelikhuijzen, C.J.P., and Gru¨nder, S.
(2007). A peptide-gated ion channel from the
freshwater polyp Hydra. J. Biol. Chem. 282,
35098–35103.
16. Diano, S., Farr, S.A., Benoit, S.C., McNay, E.C.,
da Silva, I., Horvath, B., Gaskin, F.S.,
Nonaka, N., Jaeger, L.B., Banks, W.A., et al.
(2006). Ghrelin controls hippocampal spine
synapse density and memory performance.
Nat. Neurosci. 9, 381–388.
17. Park, J.H., Helfrich-Fo¨rster, C., Lee, G., Liu, L.,
Rosbash, M., and Hall, J.C. (2000). Differential
regulation of circadian pacemaker output by
separate clock genes in Drosophila. Proc. Natl.
Acad. Sci. USA 97, 3608–3613.MRC Laboratory of Molecular Biology,
Francis Crick Avenue, Cambridge
CB2 0QH, UK.
E-mail: ws284@hermes.cam.ac.ukhttp://dx.doi.org/10.1016/j.cub.2013.04.060Visual Perception: One World from
Two EyesBinocular vision requires us tomatch up the different views of theworld seen by
each eye. Computational models of primary visual cortex describe how the
brain begins this process. Recurrent connections help suppress the response
to false matches.Jenny Read1 and Fredrik Allenmark2
Because our eyes are offset from one
another, objects in the world generallyproject to different retinal locations in
the two eyes. Stereo ‘3D’ vision is the
ability to deduce information about
object distance from these binocular
